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ABSTRACT
The purposed of this study is to determine the best coagulant medium for asymmetric 
poysulfone membrane. This study was focused on the effect of coagulation medium 
on asymmetric polysulfone membrane structure and gas separation performance. Flat 
sheet asymmetric membrane were formed by using three component of dope solution 
containing 20% polysulfone(PSU), 77% N-Methyl-2-pyrrolidone (NMP), and 3% 
water. The asymmetric membrane was prepared by a simple dry and wet inversion 
technique using a developed casting system. Experiment investigation conducted 
focusing on different coagulant medium, thus representing three different conditions 
which were immersed in water, methanol and water/methanol (50:50). Permeability of 
the membrane was examined by using the gas permeability unit available in the Gas 
Lab. Three membrane samples have been produce with different coagulant medium 
which were membrane A (immersed in water), membrane B (immersed in methanol), 
and membrane C (mixture of water and methanol with the percentage 50% water and 
50% methanol. These results were then correlated to the gas separation performance 
in two different pure gases which were Methane (CH4) and Carbon Dioxide (CO2). As 
a result, fourier transform infrared spectroscopy (FTIR) was used to examine the 
amount of component in the membrane Morphology of membranes were determined 
by employing a scanning electron microscopic (SEM) technique. From the result, it 
can be obtained that water is much better compared to methanol and mixture of water 
and methanol as a coagulation medium. The selectivity of water also high compared 
to other. In this study, can be conclude that water react as a good coagulation medium 
in order to form the morphology of the polysulfone asymmetric membrane.
ix
ABSTRAK
Kajian ini adalah untuk menentukan medium yang terbaik untuk penukaran pelarut bagi 
membran asimetrik untuk poysulfone. Penyelidikan ini difokuskan pada pengaruh 
medium di mana berlakunya proses penukaran antara pelarut  pada struktur membran 
asimetrik polysulfone dan menentukan prestasi pemisahan gas.Flat lembar membran 
asimetrik dibentuk dengan menggunakan tiga komponen larutan yang mengandungi 
polisulfon 20% (PSU), 77% N-Methyl-2-pirolidon (NMP), dan 3% air. Membran 
asimetrik dihasilkan dengan teknik inversi sederhana kering dan basah menggunakan 
sistem casting dibangunkan. Penyelidika yang dilakukan difokuskankan kepada medium 
penukaran pelarut yang berbeza, mewakili tiga keadaan yang berbeza iaitu membran 
yang direndam dalam air,  direndam metanol dan  direndam dalam campuran air dan 
metanol dengan nisbah 50:50. Ketelapan membran diperiksa dengan menggunakan unit  
ketelapan gas yang terdapat di Lab Gas. Tiga sampel membran telah dihasilkan dengan 
kaedah larutan rendaman yang berbeza iaitu membran A (direndam dalam air), 
membran B (direndam dalam metanol), dan membran C (direndam dalam campuran air 
dan methanol dengan nisbah 50 air dan 50 metanol. Keputusan ini kemudian berkorelasi 
dengan prestasi pemisahan gas di dua gas yang berbeza iaitu gas metana (CH4) dan gas 
karbon dioksida (CO2). Sebagai hasilnya, spektroskopi inframerah transformasi Fourier 
(FTIR) digunakan untuk menyemak jumlah komponen yang terdapat dalam asimetrik 
membran. Morfologi membran ditentukan dengan menggunakan sebuah elektron 
mikroskopik imbasan (SEM) teknik dari hasil tersebut, dapat diperoleh bahawa air jauh
lebih baik berbanding dengan metanol dan campuran air dan metanol sebagai media 
koagulasi .. Selektiviti air juga tinggi berbanding dengan yang lain. Dalam kajian ini, 
dapat disimpulkan bahawa air bertindak balas sebagai media koagulasi yang baik dalam 
rangka kerja membentuk morfologi yang baik bagi membran asimetrik polisulfon.
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1CHAPTER 1
INTRODUCTION
1.1 BACKGROUND OF RESEARCH
Recently, gas separation membrane systems have achieved an important 
commercial success in some industrial processes since the first commercial scale 
membrane gas separation system was produced in late of 1970s. This is due to the fact that 
there is a belief that membrane separation processes may offer high separation efficiency, 
simple operation, more capital, and energy efficiency as compared to the conventional 
separation processes in some applications.
In order to extend the membranes application and compete successfully with 
traditional gas separation processes, pressure swing adsorption and adsorption, great 
attention has been made in fabricating high separation performance membrane in both 
academia and industries. Although thousands of polymers are useful in making 
asymmetric gas separation membranes, particularly, polysulfone, polyethersulfone, 
polyetherimide and polyimide. For a given polymer, how to make a high separation 
performance membrane by studying the membrane formation protocol is an important 
topic in membrane research. Reviewing advances in preparing asymmetric gas separation 
membranes, the selection of suitable solvent, additive and coagulant medium is most 
important. From the view point of economic and environmental basis, the solvents, 
additives and coagulants used must be commercially available and low toxicity. In 
addition, the manufacture method must be easy, economic and reliable. However in 
practice, the selection of solvent and coagulant is quite limited.
2The performance of asymmetric gas separation membranes is dependent on a thin 
and defectiveness skin layer. The phase inversion process of polymer precipitation has 
been widely studied. At present advanced polymer solution enables effective membranes 
to be casted as flat sheets and spuned as hollow fiber. Recently, research is on-going to 
enhance the permeability and selectivity of the polymeric asymmetric membrane in gas 
separation. Membrane materials with high permeability and selectivity, and advanced of 
fabrication technologies to produce membrane with a defect free ultrathin dense selective 
layer are the primary focuses for most membrane scientists. Significant progresses have 
been made in membrane materials, dope preparation, fabrication technology, and 
fundamental understanding of membrane formation. Many works have been published to 
study fiber morphology and separation performance as membrane fabrication techniques, 
quench conditions, air gap distance, effect of ternary systems (polymer, solvent and non-
solvent), and others.
In addition to the phase inversion process, it has been recognized that rheological 
conditions during membrane fabrication will also affect membrane performance by 
altering molecular orientation. In gas separation membranes, it has been acknowledged 
that molecular orientation in the active layer will affect selectivity. These effects have 
been observed in the performance of ultrafiltration and gas separation.
In this study, three different coagulation bath were use to determine the best 
coagulation bath in order to get the better performance membrane. 
31.2 PROBLEM STATEMENT
Nowadays, membrane remain attractive opportunities for many gas separation 
industries such as natural gas processing, landfill gas recovery, olefin/paraffin separation, 
air separation and hydrogen recovery. Because of the economic competiveness of the 
existing separation technologies and the present challenges of aggressive environments for 
membranes, many applications seek more robust membrane materials having higher 
selectivity and permeability. Not surprisingly, membrane materials development is an 
important research area to synthesize both higher performance and more durable 
membranes. 
The choice of the coagulant medium can show similarly dramatic effects on the 
resulting structures of membranes made by phase inversion processes. However, only a 
few studies have been carried out to investigate the influence of different organic 
coagulant medium on the morphologies of membranes made by wet phase inversion. 
In order to develop high performance membrane, there are a criteria need to be 
consider. High pressure-normalized flux does not exhibit that the membrane is in a good 
performance. Therefore, high selectivity is needed to develop membrane with hyper thin-
skinned and defect-free. 
1.3 RESEARCH OBJECTIVE
The objectives of this research are:
1. To develop an asymmetric polysulfone membrane with high separation 
performance.
2. To identify the best coagulation medium for an asymmetric polysulfone 
membrane.
3. To study the permeability and selectivity of an asymmetric polysulfone 
membrane.
41.4 SCOPE OF RESEARCH
1. In order to accomplish the set objectives, the following scope of works has been 
drawn:
2. Development and fabrication of asymmetric polysulfone membrane for CO2/CH4
gas separation.
3. Study the effect of coagulation medium on asymmetric polysulfone membrane 
structure.
4. Performance measurement of asymmetric polysulfone membrane using gas 
permeation system
5. Structural characterization of asymmetric polysulfone membrane using scanning 
electron microscopy (SEM) and Fourier Transform Infrared Spectroscopy (FTIR).
1.5 SIGNIFICANCE OF RESEARCH
The significance of this study is to produce high performance membrane for gas 
separation. The choice of the coagulation medium is of utmost importance for gas 
separation membranes having high selectivities combined with high gas flux. Besides that, 
the membranes are making sure to be high selectivity and permeability and also 
environmental friendly in order to produce high separation performance membrane. 
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LITERATURE REVIEW
2.1 MEMBRANE DEFINITION
A membrane is a layer of material which serves as a selective barrier between two 
phases and remains impermeable to specific particles, molecules, or substances when 
exposed to the action of a driving force. Some components are allowed passage by the 
membrane into a permeate stream, whereas others are retained by it and accumulate in the 
retentate stream. (Zydney et al., 1996).
A membrane can be described as a thin barrier between two bulk phases that 
permits transport of some components but retain others. A schematic drawing illustrating a 
membrane separation process is given in Figure 2.1. A driving force is necessary to allow 
mass transport across the membrane. The two phases separated by the membrane, i.e., the 
feed and the permeate; can be present in the liquid or in the gaseous state. The driving 
force that is necessary for the transport is a trans membrane pressure gradient ΔP, a 
concentration gradient ΔC, an electrical potential gradient ΔE, or a temperature gradient 
ΔT (Beerlage, 1994). 
Figure 2.1: Schematic drawing illustrating a membrane separation process
The performance of a membrane is 
and selectivity for solutes and particles in liquids and gases. Flux or permeation rate is the 
volumetric (mass or molar) flow rate of fluid passing through the membrane per unit area 
of membrane per unit time or in another words, the absolute rate at which a permeate 
traverse. Selectivity or retention is defined as the fraction of solute in the feed retained by 
the membrane (Scott, 1996).
2.2 MEMBRANE TECHNOLOGY REVIEW
2.2.1 History development of membrane
Table 2.1 below shows the historical development of membrane technology 
before the Golden Age of membrane technology.
(Beerlage,. 1994).
defined in terms of two simple factors, flux 
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7Table 2.1: Historical background and current status (Pandey and Chauhan, 2001).
Name of Inventor Year Inventor
Abbe Nollet 1748  Coined the word osmosis to 
describe permeation or water 
through a diaphragm.
 Water diffused from dilute to 
concentrated solution.
Through the 19th and early 20th centuries, membranes had no industrial 
commercial uses, but were used as laboratory tools to develop physical and 
chemical theories
Thomas Graham 1829  Who performed the first 
recorded experiment on the 
transport of gases and vapors in 
polymeric membranes.
Fick 1855  Proposed the quantitative 
description of material transport 
through boundary layer.
1866  The concepts for gas 
permeation in term of a 
‘solution diffusion mechanism’ 
were published.
The model concept proposed by Fick and Thomas Graham had a significant 
contribution to the understanding of gas diffusion phenomena across 
membranes
Van’t Hoff 1877  Developed his limit law, which 
explained the behavior of ideal 
dilute solutions, this work led 
directly to the Van’t Hoff 
equation.
Maxwell et al  The concept of a perfectly 
selective semipermeable 
membrane was used in 
developing the kinetic theory of 
gases.
Bechhold 1907  The first person to define the 
relationship between physical 
properties like the bubble point, 
surface tension, pore radius and 
the performance of the 
membrane.
 Devised a technique to prepare 
nitrocellulose membranes of 
graded pore size, which he 
8determined by a bubble test.
Elford, Zsigmondy,
Bachmann
1930  Microporous nitrocellulose 
membrane  available
Name of inventor Year Inventor
During these 20 years, other polymers such as cellulose acetate were tried in 
microfiltration membrane. The first significant application in the testing of 
drinking water in the late 1940s
Loeb-Sourirajan 1960  Developing defect free, high 
flux, anisotropic reverse 
osmosis membrane. This 
membrane included an ultrathin, 
selective surface film on a much 
thicker but much more 
permeable microporous support 
that provided the mechanical 
strength.
 The worker invented the first 
asymmetric, integrally skinned 
cellulose acetate.
 The flux of this membrane was 
10 times higher than that of any 
membrane then available and 
introduced reverse osmosis 
applications.
The golden age of membrane technology (1960-1980) began in 1960 with the 
invention by Loeb and Sourirajan of the first asymmetric integrally-skinned cellulose 
acetate reverse osmosis membrane. It was also a major factor in the development of 
microfiltration, ultrafiltration reverse osmosis and electrodialysis when as the separation of 
gas mixture at industrial level using membranes became economically competitive in the 
late 1970s. In the 1980s separation by using membranes, emerged as a commercial process 
on a large scale. In this period, significant progress was made in virtually every aspect of 
membranology, including improvements in membrane formation processes (including 
interfacial polymerization and multiplayer composite casting and coating), chemical and 
physical structures, configuration and applications.
2.2.2 Types of membrane
There are several types of membrane listed that have been research but most of 
them still have the same basic principle and structure.
92.2.2.1 Microporous Membranes
Membrane behaves almost like a fiber filter and separates by a sieving 
mechanism determined by the pore diameter and particle size. Materials such as ceramics, 
graphite, metal oxide and polymers are used in making such membranes
(Scott et al., 1998).
2.2.2.2 Homogeneous Membranes
This type of membrane is a dense film through which a mixture of molecules is 
transported by pressure, concentration or electrical potential gradient. Using these 
membranes, chemical species of similar size and diffusivity can be depends on their 
concentration (Scott et al., 1998).
2.2.2.3 Asymmetric Membranes
An asymmetric membrane comprises a very thin (0.1-1.0 micron) skin layer on a 
highly porous (100-200 microns) thick substructure. The thin skin acts as the selective 
membrane. Its separation characteristics are determined by the nature of membrane 
material or pore size, and the mass transport rate is determined mainly by the skin 
thickness. Porous sub-layer acts as a support for the thin, fragile skin and has little effect 
on the separation characteristics (Scott et al., 1998).
2.2.2.4 Electrically.Charged.Membrane
These are necessarily ion-exchange membranes consisting of highly swollen gels 
carrying fixed positive or negative charges. These are mainly used in the electro dialysis. 
(Nunes et al., 2003)
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2.3 MEMBRANE SEPARATION PROCESS
In the past decade, membrane technology has been developed from a laboratory 
technique to a large-scale industrial application. Today membrane technology is applied in 
a wide range of applications such as in water purification, food industry, dairy, 
pharmaceutical, textile industry, petrochemical industry and many other applications. 
Membranes can be defined, as a permeable or semi-permeable phase, polymer, inorganic 
or metal that restricts the motion of certain species. This membrane controls the relative 
rates of transport of various species passing through it. Thus, as with all separations, gives 
one product depleted in certain components and a second product concentrated in these 
components.
Membranes processes can be classified by the transportation of selected species 
passing through it by a driving force across the membrane (Ho and Sirkar, 1992). 
Membrane separation processes can be illustrates in Table 2.2.
Table 2.2: Membrane separations and materials (Scott, 1998).
Membrane
separation
Membrane type Driving force Applications
Microfiltration 
(MF)
Symmetric and 
asymmetric
microporous
Hydrostatic 
pressure
Clarification, 
sterile
filtration
Ultrafiltration 
(UF)
Asymmetric
microporous
Hydrostatic 
pressure
Separation of 
macromolecular
solutions
Nanofiltration 
(NF)
Asymmetric Hydrostatic 
pressure
Separation of 
small organic 
compounds and
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selected salts from 
solutions
Reverse osmosis 
(RO)
Asymmetric,
composite with
homogeneous 
skin
Hydrostatic 
pressure
Separation of 
microsolutes
and salts from
solutions
Gas separation 
(GS)
Asymmetric or
composite,
homogeneous or
porous polymer
Hydrostatic 
pressure,
concentration
gradient
Separation of gas 
mixtures
Dialysis (D) Symmetric
microporous
Concentration
gradient
Separation of 
microsolutes
and salts from
macromolecular
solutions
Pervaporation 
(PV)
Asymmetric,
composite 
nonporous
Concentration
gradient, vapor
pressure
Separation of 
mixtures of 
volatile liquids
Vapour 
permeation (VP)
Composite 
nonporous
Concentration
gradient
Separation  of 
volatile vapors
from gases and 
vapors
Membrane
Distillation (MD)
Microporous Temperature Separation of 
water from non 
volatile solutes
Electrodialysis 
(ED)
Ion exchange,
homogeneous or
microporous
polymer
Electrical 
potential
Separation of ions 
from water and 
non-ionic solutes
Electrofiltration Microporous
charged 
membrane
Electrical 
potential
De-watering of
solutions of 
suspended solids
Liquid membranes Microporous, 
liquid carrier
Concentration,
reaction
Separation of ions 
and solutes from 
aqueous solutions
Membrane processes such as reverse osmosis (RO), nanofiltration (NF), 
ultrafiltration (UF), microfiltration (MF), dialysis (D), electrodialysis (ED), membrane 
electrolysis (ME) and diffusion dialysis (DD) are considered as first generation processes; 
whereas, second generation processes are gas separation (GS), vapour permeation (VP), 
pervaporation (PV), membrane distillation (MD), membrane contactors (MC) and carrier 
mediated processes (Beerlage, 1994). The selected membrane processes is summarized and 
shown in table 2.3. 
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Table 2.3: Membrane processes (Beerlage, 1994).
Process Pore 
size, nm
Materials retained Materials passed Pressure, 
bar
MF >50 Particles  (bacteria, 
yeasts etc)
Water, salts, 
macromolecules
< 2
UF 1-100 Macromolecules, 
colloids, lattices 
solutes MW>10,000
Water, salts,sugars 1-10
NF ~1 Solutes MW>500, 
di- and multivalent 
ions
Water, sugars, 
monovalent ions.
5-20
RO Not 
relevant
All dissolved and 
suspended solutes 
(sugars, salts)
Water 15-80
2.4 ASYMMETRIC MEMBRANE
The asymmetric membrane classification is divided into two: 
1) Phase inversion membrane in which the porous structure is produced by 
precipitation from a homogeneous polymer. The membrane is made up of a thin, dense 
skin (active layer) with a porous support layer underneath. 
2) Composite membrane which has an active (skin) layers form on the porous 
support. Both the layer might be from different materials which are selected for optimum 
function (Baker, 2000). 
An asymmetric membrane generally consists of a thin, selective skin layer, 
supported by a porous substructure. For an asymmetric membrane, its skin layer must be 
almost defect-free to assure that permeation is exclusively controlled by a 
solution/diffusion mechanism to achieve the maximum permselectivity, and its skin layer 
must be as thin as possible to maximize the membrane productivity. Since the dense skin 
layer is formed by a phase inversion process which occurs by bringing an initially 
thermodynamically stable polymer to an unstable state during th
complicated mass transfer and solvent exchange during the demixing generally yield 
defective skin layers (Chung et al., 
Asymmetric membranes consist of a dense and thin skin layer supported by 
porous sublayer of the same material. It comprises a very thin skin layer (0.1
highly porous thick substructure (100
Generally, asymmetric membrane with effective skin layer thickness of approximately 
1000-5000 angstroms (Å) is cl
hereas hyperthin-skinned asymmetric membrane possess a skin layer with thickness much 
lesser than that for ultrathins. (Tan, 1999; Lai, 2002; Ismail and Lai, 2003)
Figure 2.2: A schematic illustration of the structure of integrally
Formation of asymmetric membrane is probably most interesting from a 
fundamental standpoint and most practical for commercialization. However, a major 
drawback with the asymmetric membrane is the presence of pinhole and other defects in 
the dense barrier, which lower its separation properties. These defects, caused by gas 
bubbles, dust particles and support fabric imperfections, are often difficult to eliminate. 
e coagulation step, the 
2000). 
-0.5mm) on a 
-200mm) as shown in Figure 2.2 (Tan, 1999). 
assified as ultrathin-skinned asymmetric membrane, w 
-skinned asymmetric 
membranes (Tan, 1999).
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These defects may not significantly affect the performance of asymmetric membrane used 
in liquid separation operations, such as reverse osmosis, but can be disastrous in gas 
separation applications (Baker, 1991).
Henis and Tripodi proposed a solution into this problem, they coated the surface 
of polysulfone asymmetric membranes with highly permeable silicone rubber (Henis and 
Tripodi, 1981). Coating may be regarded as a standard procedure to repair gas separation 
membranes that is widely used to repair any defects or pores that may arise in the active 
layer of a gas separation membrane. It is believed that coating material can plug membrane 
defects and also prevent simple convective gas flow through defects. In other words, the 
purpose of coating with silicone is to fill any surface pinholes or imperfection.
2.5 FORMATION OF ASYMMETRIC MEMBRANE BY PHASE INVERSION 
PROCESS
Phase inversion is a process whereby a polymer is transformed in a controlled 
manner from a liquid to a solid state. The process of solidification is very often initiated by 
the transition from one liquid state into two liquids (liquid-liquid demixing). At a certain 
stage during demixing, one of the liquid phases (the high polymer concentration phase) 
will solidify so that a solid matrix is formed. 
The concept of phase inversion covers a range of different techniques such as 
solvent evaporation, precipitation by controlled evaporation, thermal precipitation, 
precipitation from the vapour phase and immersion precipitation. The majority of the phase 
inversion membranes are prepared by immersion precipitation (Mulder, 1996)
2.5.1 Dry/wet phase inversion
Dry/wet phase inversion technique is a common method that used in membrane 
manufacturing (Khulbe, 2008).  This inversion technique is also known as Loeb-Sourirajan 
technique since it was used by Loeb and Sourirajan in their development of the first 
cellulose acetate membrane for seawater desalination. 
In this method, a polymer solution is prepared by mixing polymer and solvent. 
Then, the solution is cast on a flat surface by a doctor blade to a precalculated thickness. 
The cast film subsequently is immers
the solvent have partial evaporation. Due to a sequence of the two desolvation steps which 
are evaporation of the solvent and solvent
the solidification of the polymer film will take place. It is desirable to choose a solvent of 
strong dissolving power with a high votality. A thin skin layer of solid polymer is formed 
instantly at the top of the cast film due to the loss of solvent during the first step of 
desolvation by solvent evaporation. For the process of solvent
nonsolvent diffuses into the polymer solution film through the thin solid layer while the 
solvent difuses out. Figure 2.3 below shown the composition path of changes in 
composition of polymer solution film during the solvent
Figure 2.3: Composition path of polymer (P), solvent (S), and nonsolvent (N) 
ed in a nonsolvent medium called a gelation bath after 
-nonsolvent exchange in the gelation bath then 
-nonsolvent exchange, the 
-nonsolvent exchange process.  
(Matsuura, 1994) 
15
16
2.6 EFFECT OF COAGULATION MEDIUM
2.6.1 Demixing Processes
Whether liquid-liquid demixing will take place or not in the immerse polymer 
solution is strongly dependent on the thermodynamic properties of the membrane forming 
system. It is well known that there are two types of demixing process, instantaneous and 
delayed liquid-liquid (L-L) demixing resulting in porous or nonporous types of membrane 
morphology. Since this asymmetric is achieved during the solvent exchange step, we have 
to examine the various things happening during this step to understand the basic principles 
responsible for membrane formation. These two types of L -L demixing can be 
distinguished either by calculation of the concentration profile in the film during the 
solvent exchange process or by light transmission measurements.
Precipitation type and precipitation rate are both useful with slightly different 
meanings in order to describe the precipitation kinetics more effectively. ‘Precipitation 
rate’ is defined as the time length needed to almost achieve turbidity after immersing the 
transparent film in a non solvent bath; slow or fast precipitation rate. ‘Precipitation type’ is 
defined as the type of phase separation or demixing observed after immersion of 
transparent cast film in a non solvent; ‘instantaneous demixing’ or ‘delayed demixing’ 
(Kim and Lee, 1998). The transition from instantaneous to delayed time of demixing 
obtained by varying type of nonsolvent for each solvent, is also accompanied by the 
disappearance of macrovoid (Leblanc et al., 2001).
According to Smolders et al. (1992) and Pesek and Koros (1994), the formation 
of macrovoids in membranes prepared from a polymer–solvent–nonsolvent system can be 
suppressed or even eliminated by:
1) Choosing a solvent – nonsolvent pair with a low tendency of mixing with each other.
2) Increasing the polymer concentration in the casting solution or allowing the solvent to 
evaporate from the solution film before immersion into the nonsolvent bath.
3) Addition of solvent to the coagulation bath.
